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by 
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SUMMARY 

■A 

Magnetic  suspension  systems  can  meet  the  requirements  for  spacecraft 
momentum  wheel  bearings.  The  main  aim  of  the  worh  described  in  this  R 'rt  was 
to  investigate  the  effects  of  interleaving  soft  iron  spacer  rings  of  v.  i.ous 
thicknesses  between  the  magnetic  rings  of  a repulsion  type  magnetic  bearing. 

An  optimum  thickness  of  iron  ring  was  found  which  produced  a maximum  increase 
in  radial  stiffness  over  the  stiffness  obtained  without  iron  spacers.  The  mag- 
netic inhomogenci ty  of  the  magnets  was  measured  and  found  to  have  a small 
effect  on  the  radial  stiffness.  Theory  predicts  that  a single  repulsiots  bear- 
ing will  be  cross-axially  stable  if  the  ratio  of  its  length  to  diameter  exceeds 
/3.  This  value  was  confirmed  within  the  uncertainty  of  the  experiroen''  The 
external  magnetic  fields  from  representative  bearing  assemblies  were  jured. 
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1 INTRODUCTION 

Since  the  earliest  days  of  space  exploration,  attitude  contiol  ha^  often 
been  achieved  through  the  gyroscopic  properties  of  a rotati  .g  rass.  The  most 
coi»K>n  technique  has  involved  rotation  of  the  complete  spacecraft.  In  recent 
years,  there  has  been  an  increasing  requirement  for  parts  of  spacecraft  to 
remain  ; ixed  relative  to  some  defined  direction.  An  example  is  the  need  for 
coumunioat ions  aerials  to  remain  pointing  at  the  Earth.  This  has  led  to 
rvchanically  despun  components  of  a body  otherwise  rotational ly  stabilised.  It 
is  a logical  development  of  such  a system  tc  remove  the  angular  momentum  storage 
from  the  main  spacecraft  body  to  a high  speed,  low  mass  wheel.  The  design  of 
such  a wheel  posc^  several  probloss,  particularly  as  the  most  likely  applica- 
tions require  lifetimes  of  the  order  of  ten  yeirs.  Conventional  ball  and  grease 
bearings  both  involve  contact  between  the  parts  in  relative  motion;  hence  wear 
takes  place.  Furthermore  there  are  difficulties  in  maintaining  a lubricating 
film  in  a vacuum  and  while  weightless.  Such  problems,  and  the  related  problems 
of  gas  bearings,  uy  not  be  insoluble,  but  their  nature  is  such  that  bearings 
designed  by  these  principles  cannot  be  shown  to  have  the  lifetimes  needed 
without  ground  testing  lasting  at  least  as  long  as  tliose  proposed  lives. 

An  ideal  suspension  system  for  a spacecraft  momentum  wheel  needs  to  be 
non-contacting,  have  a predictable  likelihood  of  failure  and  h.ive  the  potential 
for  reducing  the  risk  of  failure  by  including  redundancy  into  the  design. 

These  requirements,  and  others  nomial  to  spacecraft  such  as  imaunity  from  radia- 
tion, thermal  acceptability  to  and  compatibility  with  existing  spacecraft 
systems,  can  be  met  by  a magnetic  suspension  system. 

Magnetic  suspension  systems  can  take  many  forms  and  use  several  different 
principles.  The  magnetic  forces  used  may  be  produced  by  electromagnets  or 
permanent  magnets  or  both.  The  suspension  may  be  achieved  through  i.he  attrac- 
tion of  unlike  poles,  or  the  repulsion  of  like  poles.  Devices  using  diamagnetic 
or  superconducting  materials  are  as  yet  impractical  in  this  application.  All 
other  devices  are  constrained  by  Earnshaw's  Theorem*,  which  in  this  context 
denies  the  existence  of  a stable  equilibrium  position  for  a wheel  supported  by 
a time  invariant  magnetic  field.  In  oth(  r words,  at  least  one  degree  of 
translational  freedom  needs  to  be  actively  servo  controlled  electromagnetical ly . 
With  one  rotational  degree  of  freedom  controlled  by  a motor  this  leaves  the 
remaining  four  degrees  of  freedom  to  be  passively  controlled  by  permanent 
magnets . 
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This  Rtport  -lues  not  seek  to  compare  or  evaluate  relative  merits  or  draw~ 
ha- ks  between  alternative  systems.  As  yet  there  is  no  design  which  even  in 
-.ri  niplc  otteis  a clea*-  ulvant.ige  over  its  rivals.  Mainly  passive  systems, 
t'ijt  is  those  with  maximuri  contic'l  by  permanent  magnets,  can  use  the  attraction 
. I repulsioii  principle.  Theoretically  neither  type  has  any  advantage  over  the 
■ther,  althougli  in  the  future  there  may  be  pract.cal  reasons  for  a preference. 
Mainiv  v>i  wholly  active  systems,  which  are  those  using  servo  control  in  more 
t ii.ar,  o'u*  axis,  have  advantages  and  disadvantages  which  can  o\ily  be  evaluated  in 
t ne  light  of  a specific  appl icat ior . But  in  all  casts,  mechanical  contact  and 
tl  ereforc  wear  is  renwvec’  and  the  reliability  of  the  suspension  is  very  nearly 
the  reliability  of  the  control  electronics,  which  can  be  confidently  predicted. 
Fur thermore,  auplication  of  electronics  can  provide  redundancy,  hence  increasing 
the  rcliabilirs  of  the  system. 

Mainly  passive  magnetic  suspensions,  in  particular  those  using  the  repul~ 

siv  1 principle,  have  only  become  feasible  with  the  advent  of  comDercial ly 

2 

available  samarium  cobalt  magnets.  Samarium  cobalt  , SmCo^,  is  one  of  a family 
of  rart  earth  permanent  magnet  compounds  and  offers  previously  unavailable 
performance.  its  advantages  over  existing  permanent  icagiiets  are:  a very  high 

energy  product  of  about  120kJ/m';  a very  high  intrinsic  coercivity  of  l200kA/m 
.ind  an  intrinsic  demagnetizing  curve  'vhich  is  almost  rectangular;  a recoil 
permeability  of  nearly  unity,  even  when  the  flux  density  is  reversed  by  a 
demagnetizing  field.  These  properties  permit  magnets  to  be  operated  over  a wide 
dvnamic  r.uige  about  the  maximum  energy  product  point  and  to  be  used  in  repulsion 
cemt i gura t ions  which  would  demagnetise  other  materials. 

A mainly  passive  suspension  system  consists  of  two  major  parts.  First, 

there  are  the  permanent  magnetic  bearing  elements.  Secondly,  there  is  the  axial 

position  controller,  consisting  of  force  coil,  sensors  and  servo  control  loop. 

This  Report,  describes  an  investigation  into  the  passive,  permanent  magnet 

aspects  of  a particular  design  of  repulsion  bearing.  Briefly,  such  a bearing, 

shown  diagramnat ical ly  in  Fig. I,  consists  of  an  outer  shell  of  permanent  magnet 

rings,  magnetized  axially,  with  the  rings  stacked  with  like  poles  adjacent  and 

a coaxial  inner  shell  of  magnet  rings  of  the  same  thickness  and  stacked  in 

3 

oxact  correspondence  with  the  outers.  This  is  not  a new  design  , but  until  the 
advent  of  samarium  cobalt  as  previously  described,  it  could  only  be  realised  by 

using  anisotropic  ferrite  magnets  which  have  a maximum  energy  product  of  about 

3 . . . 

23kJ,/ir.  . Samarium  cobalt  magnets  produce  about  five  times  more  force  than 
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ferrites  fron  a given  volume  of  material.  It  is  easy  to  see  that  a radial  dis- 
placement of  the  inner  relative  to  the  outer  leads  to  a positive  restoring  force 
to  the  centre,  but  an  axial  displaceoienc  produces  a negative,  destabilizing 
force  tending  to  increase  the  displacement.  In  other  words,  the  two  radial 
degrees  of  freedom  are  passively  controlled,  but  the  axial  direction  requires 
active  control.  Rotation  about  the  bearing  axis  is  accomplished  without  any 
losses  as  the  bearing  is  radially  syoaetrical . It  is  less  innediately  obvious 
but  was  predicted  from  dynaiaic  analysis  by  Plinraer  that  the  two  rotational 
degrees  of  freedom  about  the  radial  axes  are  passively  controlled  if  the  bearing 
has  a length  to  diameter  ratio  greater  than  a certain  critical  value. 

The  major  aim  of  this  work  has  been  to  experiment  with  soft  iron  spacers 
in  between  the  magnet  rings  described  above  to  discover  if  thereby  the  perform- 
ance of  bearings  designed  to  this  principle  can  be  improved  and  to  arrive  at 
design  criteria  which  point  to  an  optimized  bearing.  How,  and  wliy,  this  was 
achieved  is  described  later.  A simultaneous  effort  was  made,  but  with  lower 
priority,  to  confirm  the  limiting  ratio  of  length  to  diameter  needed  for  cross- 
axis stability.  Finally,  the  external  field  from  a representative  bearing 
assembly  has  been  assessed.  Some  related  work  has  been  carried  out  within  the 
RAE  on  force  coil  and  amplifier  systems^,  that  is  the  second  part  of  a magnetic 
suspension  system  as  described  above. 

2 BEARING  STIFFNESS  MEASURF.MENTS 

2 . 1 Required  measureirents 

The  stiffness  ^ an  actively  controlled  axis  can  be  adjusted  freely  within 
the  constraints  of  , p available  within  the  control  loop.  However,  for  a 
given  design,  onl^  ’ mi  ted  adjustment  of  the  stiffnesses  of  passively  con- 
trolled axes  is  ^ .e.  Therefore  it  is  essential  that  passive  axis  stiff- 

nesses  can  be  accurately  predicted.  Backers'  theory’,  based  on  an  approximate 
two-dimensional  analysis  predicts  that: 
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0.655£rM 
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provided  that 


(2) 


where  a = the  ring  thickness. 

This  analysis  also  assuaes  tliat 


dK 


0 


where  H > magnetizing  force. 

This  relation  is  very  nearly  true  for  samarium  cobalt  for  H less  than  the 

intrinsic  coercivity  since  as  mentioned  before,  this  material  has  an  almost 

rectangular  intrinsic  demagnetizing  curve.  But  samariimi  cobalt  is  fairly 

expensive,  difficult  to  machine  and  fragile.  The  intention  for  these  tests  was 

to  use  a samarium  cobalt  powder  impregnated  resin  with  the  coMercial  name  HERA. 

This  material,  it  was  believed,  offered  the  sasie  properties  as  samarium  cobalt, 

3 

albeit  with  a maximum  energy  product  of  35kJ/m  and  a slightly  reduced 
coercivity.  Nevertheless,  the  essential  principle  of  the  intensity  of  magnet* 
ization  being  invariant  with  magnetizing  force  was  expected  to  remain.  The 
great  advantages  of  HERA  were  that  it  was  cheap,  costing  only  a few  pence  per 
gramme,  very  easy  to  machine,  readily  available  and  relatively  robust.  The  first 
task  was  to  measure  the  stiffness  of  a HERA  bearing  to  confirm  that  its  magnetic 
properties  conformed  with  the  theory.  Once  this  was  done,  the  real  work  was 
begun. 

The  main  points  of  the  w^rk  programme  were  as  follows: 

First,  to  measure  the  relationship  between  the  positive  radial  stiffness 
and  the  negative  axial  stiffness.  As  a consequence  of  Earnshaw's  Theorem  it 
was  expected  that  for  this  type  of  radially  passive  bearing,  using  material 
whose  intensity  of  magnetization  would  remain  constant  over  all  operating  con- 
ditions, the  axial  stiffness  S should  be  equal  to  ~2S-.  Confirmation  of 

A K 

this  relationship  would  then  support  the  assumption  that  the  intensity  of  mag- 
netization was  invariant. 

Secondly,  to  measure  the  variation  of  axial  and  radial  stiffness  when  the 
inner  and  outer  magnets  were  relatively  displaced  radially  and  axially.  The 


170 


7 


theoretical  predictions  tor  stiffness  assiar  that  thr  hraring  t%  in  the 
syssMtcical  state  shown  in  Kis.i.  In  op«rrational  practice  the  innev  and  outer 
aa^nets  will  at  t raes  be  relativvl^c  offset  as  loads  are  applied  tc/  ilie  beart  tg. 
It  was  necessary  to  aeasure  how  the  stiffness  charac it r i st ics  were  degraded  by 
offsets  so  that  a*^‘wable  excursions  could  be  established  for  prarttcal 
bearings . 

Thirdly,  to  aeasure  the  axial  and  radial  stiffnesses  with  soft  iron 
spacers  incorporated  between  the  aagnet  rings,  ki,  the  satutation  asgiwtizati  n 
of  iron  was  higher  than  the  intensity  of  aagnet  i zat  ion  r>f  the  nagnets  it  was 
expected  that  increased  radial  stiffness  could  be  obtained.  However,  in  the 
iron  it  was  not  clear  how  the  Magnetization  would  be  affected  by  relative 
•ent  between  the  tuner  and  outer  bearing  aagnsts.  Therefore  a scries  of 
oeasurcaents  was  proposed  using  different  spacer  thicknesses  in  an  attsipt  *. 
establish  a trend. 

Fourthly,  to  neasure  the  inhosiogeoeity  of  the  nagnetization  oi  the  aagnet 
rings  and  relate  this  if  possible  to  any  change  in  radial  stiffness  as  the  inner 
Magnets  wore  rotated  about  the  bearing  axis.  If  the  nagnet  rings  'vere  not  mi* 
foTMly  Magnetized  there  May  be  a tendency  for  the  bearing  to  havo  a preferred 
alignMent  which  during  rotation  could  produce  un'anted  oscillations  or  coning. 
Further,  it  was  proposed  to  attcMpt  to  assess  the  influence  of  the  soft  iron 
spacers  on  these  effects. 

2.2  Test  rig  and  bearings 

The  bearing  teat  rig  was  designed  to  accoMModate  six  pairs  of  Magnet 
rings,  inners  and  outers,  in  a repulsion  bearing  configuration.  Spacers  of  up 
to  the  individual  ring  thickness  cnuld  be  interleaved  between  the  Magnets.  The 
outer  Magnets  were  held  in  a housing  constrained  by  screw  jacks  sucit  that  they 
could  be  Moved  relative  to  the  inners  axially  and  radially.  The  screw  jacks 
were  calibrated  ao  that  the  displaccMent  rould  be  Measured.  The  inner  nagnets 
were  held  on  a sliaft.  The  s.iaft  was  free  to  slide  and  swivel  at  one  end  in  a 
universal  joint.  The  other  end  was  fixed  to  a rigidly  mounted  force  transducer 
Measuring  the  axial  force  on  the  shaft.  A second  force  transducer  Mounted  at 
right  angles  to  the  shaft  Measured  the  radial  force  on  it.  Sisxil taneous 
measureMent  of  the  axial  and  radial  forces  was  possible  because  the  transducers 
used  allowed  less  than  0.04mm  laoveMent  along  their  line  of  action  while  allowing 
free  MoveMent,  over  a United  range  but  one  «jch  greater  than  0.04bmi,  ii.  a plane 
normal  to  their  line  of  action. 


riir««  (Jittfr**;  : !>v^riu*-,  w»-n*  twi>  HERA  ruins  smi  on* 

luing  sssuri'a  ar.  <jht‘wn  »n  TaKU  I.  The  test  rig 

irn  t-rpof  a'eii  iUvx'v'i  Sii"**!?'*--  .:•■!  : h'!-  imssr  shai  t .itMl  >..'ui6“r  hcusinc  to  accept 

tn=  ilitterc'it  i .■«■ -4 . A i ■ !■  .-i'!!"  tit  “»A  adixn*’ t -4  'i^e*!  si*  pairs  ot  rinn*« 

T.v  t.’s;  U4injt  i.*«L,tr  ii:rt  - ..’'',1 ; • wictiout  spjiers  usetl  five  outers 

inO  threi  u'.rur^.  ■-!  :.t  ; . -aaRm;.  vAii  'jrok<*n  si^  tor  all  the  rest 

I't  'Ik'Sc  ifsC-  ii«4!r  -o»ie‘r-»  .t:u;  wen  used. 

* . > Variation  ot  st  1 1 s r.es.s»,  > w^tti  displacement 

' -•  ’ A*  1 J i ? 1 ; t n»  s t var  1.1' ..■:■!  vi radtgi  -tta»M 

This  test  was  rarrii-r:  lUt  usiriR  tin  ss  thick  HERA  r.ngs  included  in 
Table  I without  anv  spacers.  Fhi  .MriatuMi  >:  the  axial  ilorce  on  the  inm  i' 
srtaft  wis  seasisred  as  ih.-  outer  Bw'gnets  .md  hutusing  were  displaced  axially 
either  s 1 >,U-  oi  »e  cenir.ii  c-'.,  i . , ru  aeaxiretsieni  was  repeated  with  the 

outer  aagnets  displaceti  radiiil'.  b.  . *r*i  arsd  witi*.  respect  to  the  inners. 

The  results  are  shown  in  Kig.,.  T'  st-ibi  i i ; iriR  .ixial  stiffness  increased 
f roD  si..»S/TW!  with  no  .ewnt  !>  . '\,nr.  with  O.Snsn  radial  Oic^et 

and  t'  Sto  .‘■iN  ■ !*i  at  o,'■♦^an  raii.i.  : t s-.  ; . i‘  ; s is  .onsistent  with  the  increase 
in  stiffness  hein*  proport  t fta;  :o  - he  square  ot  the  v>ffset.  Fig.  3 shows  the 
variation  ot  rnlial  tV'i  e with  arcial  displacement  t\>r  difterent  radial  offsets. 
The  asytsartrv  ot  the  ,'urve«  sl'own  in  Fig.i  is  interpreted  .is  being  due  to  the 
cross-ai'is  inst.ihility  ot  such  a short  H«*,iring. 

'hi  xao  l .1  l S t i t i Uf  .s  * .•  <a  l l *.•■,  t l UO  With  axial  oft;.et 

Tw»>  tests  v/ere  l uri-d  01'.  The  tirct,  using  Vias  thick  HERA  rings  was  to 
measure  the  v.iriation  in  the  rtiial  torce  .ur  the  shaft  with  radial  di.rplacement 
for  relative  axi.al  offsets  hetueeu  inner  and  outer  magnets  of  0,  O.ZItaB  and 
0,42s*i.  The  results  are  shown  i r.  Fig.V,  The  positive  radial  stiffness  reduced 
froBi  *'>.lF./nci  with  no  axinl  1 ,r sp I <icea»-nt  to  23.4N/nsn  with  O.Zlrm  axial  offset 
and  to  Jl.l^hr-'-'i  with  (t.VJian  ixi.il  offset.  This  suggests  that  for  small  offsets 
the  change  in  radi.il  stiitness  is  linear  with  axial  offset.  Fig.^  shows  the 
variation  of  axial  fori.e  with  r.id,.i(  Jispiacenent  for  different  axial  offsets 
A.S  with  the  corresponding  radial  torce  nioasurenent , the  effect  of  the  cross~axis 
instability  is  apparent  in  the  d i sp lai enx  nt  o!  the  axial  force  minimum  fron  the 
/.ero  position. 

The  sei.ond  test  used  1 . iori  tfiick  Hh;R.\  rings  to  ascertain  whether  the 
effect  of  axial  displacement  on  the  r.idiil  stiffness  was  affected  by  the 
inclusion  of  soft  iron  spar«rs.  The  re.sults  are  .shown  in  Fig.h.  Without  spacers. 


the  Measured  radial  •tilfnesses  were  I7.3T^m  with  nu  axial  offset  and  l3.bN/uD 
with  an  axial  of.  ^ct  «.  f 0.21m.  For  the  aare  axial  offsets  the  radial  stiff- 
nesses were  2I.IN/naa  .nid  IS.bN/m  when  r.07bLxn  thick  soft  iron  spacers  were 
interposed  between  adjac»nt  magnet  rings.  The  selection  of  this  particular 
spacer  thickness  will  be  justified  later.  The  stiffness  was  reduced  by  the 
same  proportion  in  both  rases. 

2 . Variation  of  stiffnesses  with  spacer  thickness 

This  test  was  carried  out  using  all  three  different  magnet  ring  sizes. 

Each  part  of  the  teat  was  to  sieasure  the  axial  force  variation  with  axial  dis- 
placement about  Che  zero  position  and  the  radial  force  variation  likewise  with 
radial  displacement  with  soft  iron  spacers  of  a particular  thickness  interposed 
between  the  suignet  rings.  The  spacer  thicknesses  used  and  the  results  obtained 
with  eacii  type  of  ouignet  ring  are  given  on  Figs.  7 tc  16.  The  distinction 
between  the  Chick  and  thin  spacers  referred  to  in  the  titles  to  those  figures 
is  relative  and  designed  to  avoid  the  attempted  presentation  of  too  much  infor- 
mation on  one  figure.  In  fact  'thick'  spacers  had  a thickness  equal  to  or 
greater  than  one  tenth  of  the  thickness  of  the  magnet  I'ings  with  which  they 
were  used.  'Thin'  spacers  were  those  less  than  one  tenth  of  the  magnet  thick- 
ness. In  general  the  spacers  were  the  same  diameters  as  the  magnets  with  which 
they  were  used.  The  exceptions  were  the  thin  spacers  used  with  the  4mm  thick 
HERA  magrets,  which  for  convenience  had  Che  same  diameters  as  Che  i.Snan  Chick 
HERA  magnets. 

The  results  are  sumnarized  for  the  4imn  thick  HERA,  I.Snsn  Chick  HERA  and 
samarium  cobalt  rings  in  Tables  2,  3 and  4 respectively.  The  most  interesting 
feature  is  that  the  radial  stiffness  with  spacers  about  O.lnan  thick  was 
greater  than  that  vdth  no  spacers.  Fig. 17  shows  how  the  radial  stiffness  varied 
with  spacer  thickness  for  each  of  the  three  ring  types.  The  optimum  spacer 
thickness  for  maximum  radial  stiffness  was  slightly  greater  using  samarium 
cobalt  magnets  Chan  using  HERA  ones.  The  ratio  of  axial  to  radial  stiffness 
was  very  close  to  2: I for  spacer  thicknesses  less  than  the  optimum.  These 
observations  indicated  that  the  increase  in  stiffness  was  due  n the  flux 
density  in  the  iron  exceeding  that  in  Che  magnets.  The  optimum  thickness 
occurred  when  all  the  iron  was  just  saturated  all  the  time.  Then  the  criterion 
that  dM/dH  - 0 in  the  magnetic  material  was  satisfied  again  and  the  stiffness 
ratio  tended  to  2:1.  Reducing  the  thickness  further  reduced  the  volume  of 
magnetic  material  without  increasing  the  flux  density  as  the  iron  was  saturated 
and  so  Che  radial  stiffness  decreased  linearly  with  spacer  thickness  to  the 
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no  <ipacer  value,  while  the  2:1  rnt  iu  was  maintained.  The  optimum  thick  lesi 
using  samarium  cobalt  magnets  was  greater  because  the  intrinsic  magnetisation 
of  that  material,  0. 7ST  was  greater  than  that  of  HERA,  0.5Vr.  There  was  no 
measurable  difference  between  the  optimum  thickness  using  4iiia)  and  1 . 3am>,  as 
would  be  expected  from  the  above  qualitative  analysis  rince  the  intrinsic 
magnetization  is  a function  of  the  material,  not  its  dimensions.  Using 
equation  (1)  the  stiffnesses  of  hearings  made  up  from  a permanent  magnet  part 
and  a saturated  iron  part  with  a saturation  flux  density  in  the  iron  of  I.8T 
have  been  calculated  and  arc  compared  with  the  measured  values  in  Tables  5,  6 
and  7.  They  show  that  good  correlation  was  obtained. 

Pigs. 8 and  12  show  that  r.car  the  maximum  possible  radial  d' splacements, 
the  radial  stiffness  was  not  constant  when  thick  iron  rings  were  incorporated 
between  the  magnets.  A qualitative  explanation  for  this  effect  is  that  because 
of  the  highly  demagnetizing  fields  existing  under  those  conditions  the  ukignetlc 
flux  was  short  circuited  by  the  unsaturated  iron.  There  was  no  evidence  for  a 
similar  effect  using  the  thin  iron  spacers,  which  suggests  further  conf irmition 
that  in  chose  circumstances,  they  were  always  saturated. 

2 . 5 Variation  of  stiffnesses  with  iron  sleeving 

Figs. 18  and  19  show  the  results  after  fitting  an  iron  sleeve  5ran  thick 
over  the  outer  Ann  thick  HERA  magnets.  The  purpose  was  to  assess  the  useful- 
ness of  such  a sleeve  in  reducing  Che  external  magnet  field  from  Che  bearing 
and  to  find  out  to  what  extent  the  bearing  performance  would  be  degraded. 

The  axial  stiffness  was  -A'bN/nn  and  Che  radial  stiffness  was  23N/im.  It 
will  be  seen  later  that  the  reduction  *in  stiffnesses  is  almost  exactly  the 
same  as  Che  reduction  in  external  magnetic  field.  This  suggests  that  sleeving 
of  this  type  is  not  suitable  as  a way  of  reducing  the  external  field. 

2.6  Effects  of  magnetic  inhomogene ity 

The  axial  flux  density  of  each  ring  was  measured  'ising  a Hall  effect 
magnetometer  as  near  as  possible  to  the  inner  edge  of  the  outer  magnets  and  the 
outer  edge  of  the  inner  magnets.  The  active  element  of  the  Hall  probe  was 
about  5mm  long  by  Imm  wide  and  measured  the  flux  density  normal  to  its  face. 

The  measurements  were  made  with  the  long  axis  of  the  probe  element  aligned 
radially. 

All  the  HERA  rings  displayed  the  same  characteristic  pattern  of  flux 
density  with  a single  maximum  and  a single  minimum  diametrically  opposite,  with 
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a imooth  transition  between  then.  For  two  of  the  four  cracked  rings • the  mini- 
mum was  coincident  with  a crack  in  the  ring.  Table  8 shows  the  maximum  and 
minimum  flux  density  measured  for  each  of  the  HERA  rings  with  the  percentage 
variation  in  each  case.  Several  attempts  were  made  to  measure  tlie  variation  of 
radial  stiffness  with  the  relative  angular  position  of  the  inners  with  respect 
to  the  outers,  by  measuring  the  stiffness,  rotating  the  inners  through  90° 
then  remeasuring.  Both  4mn  and  I . Snm  thick  rings  were  used,  without  spacers. 
There  was  no  detectable  variation  in  radial  stiffness. 

Table  9 shows  the  results  using  the  samarium  cobalt  rings.  The  flux 
density  from  these  w^s  n.easured  for  each  ring  without  spacers  and  then  with 
first  a 0.25tmn  iron  ring  on  each  face,  then  with  2.5nin  iron  rings.  With  a 
single  exception,  all  the  rings  showed  the  same  diametrically  opposed  maximum 
and  minimum  as  the  HERA  rings.  One  of  the  outer  rings  however,  had  two  mrixima 
diametrically  opposite  and  tt^o  minima  on  a diameter  displaced  90^  from  the 
maxima.  Another  of  the  outer  rings  was  broken  after  measuring  without  spacers 
and  was  not  subsequently  used.  One  of  the  inners  was  broken  into  four  pieces 
and  could  only  be  used  when  held  between  two  0.23mm  spacers.  The  results  show 
that  the  variation  in  flux  density  was  in  some  cases  very  high  and  that  iron 
facing  pieces  in  the  worst  cases  approximately  halved  the  difference  between 
maximum  and  minimum.  Fig. 13  shows  the  difference  between  the  radial  stiffnesses 
obtained  before  and  after  the  inner  magnets  were  displaced  through  90°.  In 
one  position  the  radial  stiffness  was  28.8N/non;  in  the  other  it  was  28.2N/mm. 

The  0.23mm  iron  spacers  were  incorporated  between  the  rings.  The  problems 
involved  in  assembling  the  broken  inner  ring  into  the  test  rig  were  too  great 
to  permit  a comparison  without  spacers. 

3 CROSS-AXIS  STABILITY 

4 . 

Analysis  has  shown  that  a bearing  of  the  type  examined  xn  this  work 
should  have  positive  angular  stiffness  if  the  ratio  of  the  bearing  length,  il,  to 
the  diameter  of  the  inner  magnets,  d,  exceeds  /3.  This  prediction  can  be  con- 
firmed using  a simple  pendulum  as  shown  in  Fig. 20.  The  inner  magnets  become  the 
pendulum  bob,  constrained  axially  by  the  rigid  pendulum  arm.  The  outer  magnets 
are  rigidly  mounted. 

Practical  bearings  would  be  designed  to  operate  well  away  from  the  critical 
region.  However,  confirmation  of  such  a prediction  improves  confidence  in  the 
an.nlyiis  from  wnence  it  came. 
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For  such  a pendulum  where  the  mass  of  the  inner  magnets  is  M'  kg,  the 
mass  of  the  arm  is  M kg,  the  dimensions  are  as  shown  in  Fig. 20  and  the  bear- 
ing radial  stiffness  is  S N/m  the  oscillation  frequency  w rad/s  can  be 
shown  to  be  given  by; 


2 

'j 


- d^/4  + H ,12)  ± M'gL'  ± Mg£ 


+ L’^)  + ML^/3 


The  signs  of  the  second  and  third  terms  of  the  numerator  depend  on  whether  the 
pivot  of  the  pendulum  is  above  or  below  M'  . However,  it  is  the  first  term 
in  the  numerator  which  is  the  significant  one  in  establishing  the  critical 
length  to  diameter  ratio.  This  term  can  be  rewritten 


The  term  — - d appears  as  a direct  consequence  of  the  assumption  that 

positive  angular  stiffness  results  when  S.  If  the  constant  of  proportion- 

ality were  not  /3  , or  the  criterion  for  angular  stability  were  not  the  simple 
relationship,  £.  and  d would  appear  in  the  above  with  different  constants 
or  in  different  ways.  Therefore  in  principle  an  accurate  determination  of  the 
period  of  such  a pendulum  would  be  sufficient  to  confirm  the  relation  in 
question. 

...  . 2 

In  practice,  ^ must  be  significantly  large  with  respect  to  L* 

with  the  other  pararaeterr.  also  accurately  known  before  a sufficiently  sensitive 
measurement  can  be  made. 

Barium  ferrite  ring  magnets  were  used  to  construct  pendulums.  The 
number  of  inners  used  were  1,  2,  3,  4 and  8.  In  each  case,  first  the  frequency 
of  a long  pendulum  wa.«  measured;  with  L'  long,  the  I and  d terms  became 
negligible  and  Sj^  could  be  accurately  calculated.  Using  these  values  of  , 
the  curves  shown  in  Fig. 21  were  drawn  predicting  the  behaviour  of  short  pendu- 
lums such  that  the  £ and  d terms  became  significant.  Then  short  pendulums 
were  made,  using  the  same  magnet  rings  as  had  been  used  in  each  case  for  the 
long  pendulums.  Their  oscillation  frequencies  were  measured  and  are  plotted 
on  Fig. 21.  The  estimated  total  uncertainty  due  to  measurement  accuracy  is  ±9Z. 
However,  there  was  another  potential  source  of  error,  namely  that  the  radial 
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stiffness  reduces  with  aipial  movement  away  from  the  central  position.  Using 
long  pendulums  this  effect  was  negligible  as  the  angular  motion  was  very  small. 
However  with  short  pendulums  the  allowable  angular  deflection  was  much  greater 
and  significant  axial  movement,  could  occur.  Special  attention  therefore  had  to 
be  paid  to  ensuring  that  the  oscillation  frequency  was  measured  with  the  smallest 
possible  deflection.  In  general  this  was  not  a problem,  except  in  the  case  of 
the  one-ring  pendulum.  Then  the  low  inertia  led  to  rapid  damping  of  the  pendulum 
motion  and  consequently  to  difficulty  in  measuring  the  period  when  the  deflection 
was  suitably  small.  Therefore  it  is  not  surprising  that  the  discrepancy  between 
observed  and  predicted  frequency  in  this  case  is  the  only  one  outside  the 
tolerance  quoted  above. 

4 EXTERNAL  MAGNETIC  FIELD 

The  peak  magnetic  flux  density  was  measured  at  a distance  of  66m  from 
the  ixis  of  the  bearing.  The  field  direction  was  parallel  to  the  axis.  The 
position  of  the  maximum  flux  density  was  in  line  with  the  end  of  the  bearing. 

Using  4nm  thick  HERA  rings  the  external  flux  density  was  measured  for 
three  configurations.  With  no  spacers  the  external  field  was  O.  'bSir’I.  With 
0.076mm  thick  spacers  it  was  O.I78mT.  Finally,  without  spacers  and  with  an 
iron  sleeve  over  the  outers,  the  measured  field  was  O.I43mT.  A single  measure- 
ment was  made  usi.^  samarium  cobalt  rings  with  O.OSlmm  thick  spacers  and  the 
external  field  was  0.275mT. 

5 CONCLUSIONS 

The  restricted  tine  available  to  complete  this  work  programme  has  left 
some  results  open  ended  or  inconclusive.  The  major  aim,  to  investigate  the 
effects  of  soft  iron  spacers  between  the  magnet  rings,  has  been  satisfactorily 
met.  The  radial  stiffness  of  a bearing  can  thereby  be  increased  usefully 
without  disproportionately  increasing  the  axial  destabilizing  stiffness  and 
with  a smaller  penalty  in  mass  and  dimensions  than  would  result  from  adding 
more  magnets.  Additionally  the  iron  spacers  reduce  the  variation  in  flux 
density  outside  the  rings  which  should  reduce  the  variation  in  stiffness  as  the 
bearing  rotates. 

The  xiuited  data  from  the  cross-axis  stability  experiment  support  the 
claim  for  a critic il  length  to  diameter  ratio  of  /3  . A more  through  investi- 
gation is  needed  to  be  conclusive.  The  technique  used  is  believed  to  be  sound, 
but  better  apparatus  using  HERA  magnets  would  reduce  the  uncertainty. 


Only  a cursory  attempt  to  loeasure  the  external  field  was  possible.  As 
was  expected  this  showed  that  a magnetic  suspension  using  this  principle  would 
be  embarrassing  on  a magnetically  sensitive  spacecraft.  However  at  synchronous 
height  where  most  applications  lie  few  spacecraft  are  mignetically  sensitive. 

It  is  conceivable  that  an  attraction  system  using  a closed  magn^  "ic  circuit  may 
be  preferable,  but  leakage  would  probably  be  so  great  that  there  would  be  little 
Co  choose  between  it  and  a repulsion  system.  More  information  is  needed  on  the 
feasibility  of  magnetic  shielding. 


Table  I 

DIMENSIONS  OF  MAGNET  RINGS  USED  FOR  BEARING  STIFFNESS  MFASUREMENTS 


j Outer  magnets  I 

Inner  r 

magnets 

Material 

Outside 

diameter 

mm 

Inside 

diameter 

nn 

Outside 

diameter 

mn 

Inside 

diameter 

mm 

Thickness 

mm 

SmCo5 

56.2 

46.2 

44.6 

34.5 

2.54 

HERA 

45.0 

37.4 

34.8 

24.2 

4.0 

HERA 

45,0 

37.0 

35.4 

24.2 

1 .5 

Table  2 

AXIAL  AND  RADIAL  STIFFNESSES  USING  4nnn  THICK  HERA 


RINGS  AND  SOFT  IRON  SPACERS 


Spacer 

thickness 

mm 

Axial 

stiffness  S^ 
N/mm 

Radial 

stiffness  S^^ 
N/mm 

Ratio 

-Sa/Sr 

2.0 

-72.3 

8.3 

8.7 

0.8 

-75.9 

15.9 

4.8 

0.4 

-75.7 

18.8 

4.0 

0.15 

-68.1 

27.0 

2.5 

0.076 

-60. 1 

29.4 

2.0 

0.051 

-57.4 

28.0 

2.0 

0 

-52.6 

25.1 

2. 1 

Table  3 

AXIAL  AND  RADIAL  STIFFNESSES  USING  1 5nn  THICK  HERA 


RINGS  AND  SOFT  IRON  SPACERS 


1 

Spacer  | 

thickness 
nsn 

Axial 

stiffness 

N/nm 

Radial 

stiffness  5j^ 
N/on 

Ratio 

■Sa/Sr 

■H 

-66.0 

7.7 

8.6 

-80.3 

13.2 

6.  1 

0.3 

-75.9 

18.4 

4.1 

0.15 

-60.0 

21.2 

2.8 

0.076 

-46.6 

21  .8 

2. 1 

0.051 

-40.9 

21.4 

1.9 

0.025 

-35.0 

19.8 

1 .8 

0 

-33.3 

18.4 

1.8 

16 


Table  4 

AXT.AL  AND  RADIAL  STIFFNESSES  USING  SAMARIUM  COBALT 
RINGS  AND  SOFT  IRON  SPACERS 


Spacer 

thickness 

mm 

Axial 

stiffness  S^ 
N/mm 

Radial 

stiffness  Sj^ 
N/mm 

Ratio 

-Sa/Sr 

0.25 

112.6 

28.8 

3.9 

0. 102 

102.3 

44.6 

2.3 

0.051 

9A.6 

38.6 

2.4 

0 

76.7 

36.6 

2.1 

Table  5 


COMPARISON  BETWEEN  PREDICTED  AND  MEASURED  VALUES  OF  RADIAL 
STIFFNESS  USING  4m  HERA  RINGS  AND  THIN  IRON  SPACERS 


Spacer 

thickness 

ram 

Predicted  radial 
stiffness 
N/mm 

Measured  radial 
stiffness 
N/mm 

0.076 

33.5 

29.4 

0.051 

31.1 

28.0 

0 

26.3 

25.  1 

Table  6 


COMPARISON  BETWEEN  PREDICTED  AND  MEASURED  VALUES  OF  RADIAI. 
STIFFNESS  USING  1.5mm  HERA  RINGS  AND  THIN  IRON  SPACERS 


Spacer 

thickness 

mm 



Predicted  radial 
stiffness 
N/mm 

Measured  radial 
stiffness 
N/mm 

0.076 

23.3 

21.8 

0.051 

20.9 

21.4 

0.025 

18.5 

19.8 

0 

16.  1 

18.4 

Table  7 


COMPARISON  BETWEEN  PREDICTED  AND  MEASURED  VALUES  OF  RADIAL  STIFFNESS 


USING  SAMARIUM  COBALT  RINGS  AND  THIN  IRON  SPACERS 


Spacer 

thickness 

mn 


Predicted  radial 

Measured  radial 

stiffness 

stiffness 

N/mm 

N/nm 

36.6 

44.6 

34.1 

38.6 

31.7 

36.6 

u 


Table  8 

VARIATION  OF  MEASURED  FLUX  DENSITY  FROM  HERA  MAGNET  RINGS 


Maximum 
flux  density 


Minimum 
flux  density 
mT 


Variation 

Z 


4mm  thick  HER/ 

outer 

37.0 

35. 

6 

33.8 

30. 

2 

35.0 

32. 

2 

38.2 

35. 

0 

34.0 

32. 

2 

37.8 

34. 

6 

4mm  thick  HERi 

^ inner 

46.0 

44. 

0 

43.5 

42. 

6 

43.9 

43. 

0 

44.8 

42. 

5 

44.0 

42. 

8 

45.2 

43. 

9 

1 

1.5mm  thick  HERA  outer 
1 

16.4 

15. 

8 

16.1 

15. 

6 

17.2 

15. 

8 

17.1 

16. 

3 

16.7 

16. 

0 

17.4 

16. 

4 

1 

1.5mm  thick  HERA  inner 

Remarks 


Cracked,  no  correlation 
Edge  flaked,  no  correlation 


Cracked,  no  correlation 


Minimum  coincident  with  crack 
Minimum  coincident  with  crack 


I 


Table  9 

VARIATION  OF  MIIASURED  FLUX  DENSITY  FROM  SAMARIUM  COBALT  RINGS 


Maximum 
flux  density 
mT 

Minimum 
flux  density 
mT 

No 

iron  rings 

outer 

46.5 

45.0 

44.5 

43.0 

45.5 

36.7 

46.5 

43.5 

44.0 

43.2 

No 

iron  rings 

- inner 

49.0 

42.5 

49.0 

48.0 

0. 

25nin  facing 

rings  “ outer 

50.0 

48.0 

47.5 

46.5 

48.0 

42.5 

50.0 

47.5 

0. 

25mm  facing 

rings  - inner 

61.0 

56.0 

65.0 

62.0 

65.0 

39.0 

?. 

5nm  facing 

rings 

- outer 

63.0 

59.0 

59.0 

56.0 

63.5 

58.0 

56.5 

55.0 

59.5 

57.0 

2. 

5imn  facing 

rings 

- inner 

68.5 

66.0 

72.0 

70.5 

Variation 

X 


Remarks 


Two  maxima  and  minima 
Minimum  conicident  with  crack 


Two  maxima  and  minima 


In  four  pieces 


Two  maxima  and  minima 
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Arrows  show  direction  of  magnetization  in  each  ring 


Cross  section  through  repulsion  typ:  magnetic  bearing 


Fig.  2 


Fig.  2 Variation  of  axial  force  with  displacement  using 

4mm  HERA  rings  with  no  spacers 
for  different  radial  offsets 
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Fig. 3 Variation  of  radial  force  with  axial  displacement 

using  4mm  HERA  rings  with  no  spacers 
for  different  radial  offsets 
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5 Variation  of  axial  force  with  radial  displacement 
using  4mm  HERA  rings  with  no  spacers 
for  different  axial  offsets 

■ ■ • ‘ * - ■ 


Fig. 8 Variation  of  radial  force  with  displacement  using  4 mm 

HERA  rings  and  thick  iron  spacers 
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Variation  of  axial  force  with  displacement  using 
4mm  HERA  rings  and  thin  iron  spacers 


Fig. 10  Variation  of  radial  force  with  displacement  using  4mm 

HERA  rings  and  thin  iron  spacers 
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Fig.ll  Variation  of  axial  force  with  displacement  using 
1-5mm  HERA  rings  and  thick  iron  spacers 


i!,...  . VI,  I . i,i' 


r •Swk  - 


T3 

A 

QC 


0-i5mm 

o^spacers 

No  spacers 


spacers 

.0-75mm 

spacers 


spacers 


Radial  displacemer^t  (mm) 


Fig.  12  Variation  of  radial  force  with  displacement  using 
1*5mm  HERA  rings  and  thick  iron  spacers 
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Fig.  13  Variation  of  axial  force  with  displacement  using 
1*5mm  HERA  rings  and  thin  iron  spacers 
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Fig. 14  Variation  of  radial  force  with  displacement  using  1*5mm 

HERA  rings  and  thin  iron  spacers 
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Fig.  15 


Variation  of  axial  force  with  displacement  using 
samarium  cobalt  rings  with  thin  iron  spacers 
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Variation  of  radial  force  with  displacement  using 
samarium  cobalt  rings  and  iron  spacers 


lU 


Samarium 

cobalt 


4mm  HERA 


15mm  HERA 


Spacer  thickness  ( mm  ) 


Fig.  17  Variation  of  radial  stiffness  with  iron  spacer 
thickness  using  thin  HERA, thick  HERA  and 
samarium  cobalt  magnets 
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Fig. 18 


Variation  of  axial  force  with  displacement  using 
4 mm  HERA  rings  and  iron  sleeving 
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Fig. 21  Comparison  between  measured  and  predicted  values  of  oscillation 
frequency  of  short  pendulums  made  of  various  numbers  of  magnadur 
rings ;theoretical  variation  of  similar  pendulums  frequencies  with  length 
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